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We motivate the use of dressed charges by arguing that such objects are needed to describe, e.g., constituent
quarks and, in general, physical charged states in gauge theories. We give a short introduction to dressings in
both QED and QCD. We put special emphasis on the infra-red properties of a moving dressed charge. To be
more precise, we demonstrate that the one loop propagator of a relativistic dressed charge can be renormalized
in the mass shell scheme with no infra-red divergence showing up.
1. WHY DRESSINGS?
Many aspects of hadronic physics can be well
described in terms of constituent quarks. The role
played by such objects in our discovery of colour
and QCD is well known. However, we do not yet
have a good understanding of how such objects
can emerge from QCD. This talk describes a new
approach to this problem (for a review see [1]).
Any description of a (colour) charged parti-
cle in a field theory has to fulfill certain require-
ments: (i) we need to include a chromo-(electro-
) magnetic cloud around the charge. This is
known to underlie the infra-red problem and we
recall the long postulated link between the infra-
red structure of QCD and confinement; (ii) since
constituent quarks have, in the realm where the
quark model is valid, a physical meaning, it is es-
sential to describe them in a gauge invariant way.
This, in turn, ensures that the constituent quarks
have a well defined colour charge as required by
the standard quark model[1].
1.1. QED
In QED, an approach which incorporates the
above requirements was originally proposed by
∗Talk presented by E. Bagan
Dirac[2]. If some function fµ(z, x) satisfies
∂zµf
µ(z, x) = δ(4)(z − x), then a charged parti-
cle at x with an electromagnetic cloud around it
may be written in a gauge invariant manner as
ψf(x) = exp
{
ie
∫
d4zfµ(z, x)A
µ(z)
}
ψ(x) . (1)
The phase factor in (1) is usually called the dress-
ing. There are as many dressings as there are pos-
sible choices of fµ in (1). We will study two such
choices. Our first example (which we will refer to
as (i) below) is
f0 = f1 = f2 = 0,
f3(z, x) = −θ(x3 − z3)
2∏
j=0
δ(zj − xj), (2)
which can be easily seen to correspond to a string
attached to the charge at x and going along a
straight line in the x3 direction out to infinity.
One could equally well choose a more complicated
path Γ and in general we call such a dressed field,
ψΓ. Example (ii), which is the case we are pri-
marily concerned with, is
f0 = 0,
~f =
1
4π
δ(z0 − x0)~∇z 1|~z − ~x| , (3)
2from which we find the dressed field
ψc(x) = exp
{
ie
∂iAi
∇2 (x)
}
ψ(x). (4)
Example (i) is not well suited to describe phys-
ical charges. First of all it corresponds to a very
singular field configuration. Second, its path de-
pendence is difficult to interpret and, finally, it
has been shown that this field configuration is un-
stable [3]. Essentially what happens is that the
charge generates a Coulombic field and the string
radiates away to infinity. Fig. 1 shows the time
evolution of a similar situation: the electric field
is initially concentrated in the straight line join-
ing two charges in such a way that Gauß’s law
holds. Again the string radiates away and only
the dipole field generated by the charges remains
in the far future[4].
In contrast, example (ii) has very nice proper-
ties: (a) it is stable; (b) it is possible to factor
out the path dependence in ψΓ giving ψc, i.e.,
ψΓ = NΓψc where NΓ is a gauge invariant, but
path dependent, factor; (c) using the fundamen-
tal commutation relations one has
[ ~E(~x), ψc(~y)] =
e
4π
~x− ~y
|~x− ~y|3ψc(~y) , (5)
where we recognize the factor before ψc as the
electric Coulomb field. This immediately suggests
that example (ii) is the right dressing for a static
charge.
One can generalize this dressing to the case of
a charge moving with arbitrary velocity ~v
ψv = exp
{
ie
gµν− (η + v)µ(η − v)ν
∂2− (η · ∂)2 + (v · ∂)2 ∂νAµ
}
ψ, (6)
where v = (0, ~v), and η = (1,~0); (d) One can per-
form perturbative calculations using these dress-
ings. We shall do this in the next section where
we also show that the (one loop) mass shell renor-
malized dressed electron propagator,
iSv(p) =
∫
d4x exp{ip · x} 〈0|ψv(x)ψ¯v(0)|0〉, (7)
is infra-red finite provided p = mγ(1, ~v)[5,6], as
was already predicted in Ref.[1]. As far as we
know, there are only two other gauges with an
infra-red finite charge propagator in the mass
Figure 1. Six frames[4] of the time evolution of a
electric field initially located in the straight line
joining two opposite (static) charges. The dashed
lines show the extension of the region where the
radiation field from the decay of the string is
present. Only the dipole field survives if we wait
long enough.
shell scheme: the Yennie gauge and the Coulomb
gauge. The latter is a particular case of our
approach (~v → ~0). The infra-red finiteness of
Sv(p) can be understood as a consequence of
having the charge dressed with the asymptotic
electromagnetic field of a classical charge mov-
ing with velocity ~v. This is a boosted Coulomb
field. Since the infra-red behaviour is related to
its slow fall-off, one would expect that the same
dressing should lead to infra-red finite results also
for scalar QED. This has been verified explicitly.
The lack of infra-red divergences in the propaga-
3tor of the dressed charge is a necessary and highly
non-trivial requirement for the construction of an
asymptotic state with sharp momentum that can
be interpreted as a (single) physical charge.
Before closing this section, we would like
to comment on some subtleties associated with
charged states. Note that ψv is both non local
and non covariant, which one might regard as a
problem. However, it can be proved that these are
unavoidable features of any operator that creates
charged physical states out of the vacuum[1,7,8].
Note also that Eq.(6) is not just a Lorentz boost
of Eq.(4). This is a consequence of the lack of co-
variance and locality necessarily associated with
charged states[1].
1.2. QCD
All the properties that have been discussed in
the previous section go through to QCD in per-
turbation theory. It is also possible to define
dressed gluon fields perturbatively. A new rea-
son for introducing dressings in non-abelian gauge
theories is that the colour charge is only well-
defined on gauge invariant states such as a dressed
quark[1]. However, it has been shown that be-
yond perturbation theory the Gribov ambiguity
obstructs the construction of dressings[1]. As a
result, one cannot obtain any true observable out
of a single lagrangian (quark) field. Therefore,
our approach explains confinement in the sense
that one cannot construct an asymptotic quark
field.
2. THE DRESSED ELECTRON/QUARK
PROPAGATOR
The Feynman diagrams for the one loop
dressed propagator, Sv(p), are shown in Fig.2.
The diagram of Fig.2.a gives the standard self en-
ergy. The other three diagrams, Figs.2.b—d, con-
tain a new vertex (the black box). The corre-
sponding Feynman rule, which can be easily ob-
tained from the perturbative expansion of Eq.(6),
reads
e
(η + v)µ(η − v)ρ − gµρ
k2 − (k · η)2 + (k · v)2 k
ρ, (8)
where k (µ) is the momentum (Lorentz index)
of the incoming photon. We can now proceed in
a b
c d
Figure 2. The diagrams which yield the one loop
dressed propagator, Sv(p). The vertices coming
from the perturbative expansion of the dressing
are denoted by a black box
two ways: (i) compute the diagrams of Figs.2.a—
d in a Feynman gauge and check that the result
(before integrating the loop momentum) is inde-
pendent of the gauge parameter; (ii) use the so
called dressing gauge, in which the dressing phase
is 1, i.e., ψv = ψ and compute only the diagram
of Fig.2.a. In the dressing gauge the photon prop-
agator is
1
k2
{
−gµν + k
2 − [k · (η − v)]2γ−2
[k2 − (k · η)2 + (k · v)2]2 kµkν
− k · (η − v)
k2 − (k · η)2 + (k · v)2 k(µ (η + v)ν)
}
. (9)
Note that in the limit ~v → ~0 this reduces to the
propagator in Coulomb gauge. We have explicitly
checked that the two procedures give the same
loop momentum integral.
To integrate the loop momentum we have cho-
sen to work in dimensional regularization with
a space-time dimension D = 4 − 2ǫ. This reg-
ularizes both the ultra-violet and infra-red di-
vergences. In particular, the latter show up as∫ 1
0 du u
D−5 ∼ 1/ǫ, where u is a Feynman param-
eter.
42.1. Ultra-violet divergences
The ultra-violet divergent part of the electron
self-energy has the following structure
ΣUV ∼ 1
ǫ
{
−3m+ (p/−m)F1(~v)
+ 2[p · vη/− p · ηv/]F2(~v)
}
, (10)
where F1 and F2 do not depend on the external
momentum, p. The last term in Eq.(10) seems
to endanger the multiplicative renormalization of
the propagator. However, one can check that
Eq.(10) can be cancelled by introducing the stan-
dard mass shift, m → m − δm, and the follow-
ing multiplicative matrix renormalization for the
electron
ψ(bare)v =
√
Z2 exp
{
−i Z
′
Z2
σµνηµvν
}
ψv, (11)
which is reminiscent of a naive Lorentz boost
upon a fermion.
2.2. Renormalization
To actually compute δm, Z ′ and Z2 = 1+δZ2 it
is convenient to write the renormalized self energy
as
− iΣ = mα+ p/β + p · ηη/δ +mv/ε, (12)
where α, β, δ and ε depend upon p2, p ·η, p ·v and
v and they also contain the counterterms δm, Z ′
and δZ2.
We recall that in the mass shell scheme one has
to impose the following two conditions: (i) The
propagator has a simple pole at m, i.e., m is the
physical mass of the fermion; (ii) the residue of
the propagator at m is unity. From these two
conditions it must be possible to determine δm,
Z ′ and δZ2. Condition (i) implies that the renor-
malized Σ must obey
α˜+ β˜ +
(p · η)2
m2
δ˜ +
p · v
m
ε˜ = 0, (13)
where the tildes signify that we put the momen-
tum p2 on shell: p2 = m2. Note that Z ′ and δZ2
do not enter in (13) so just δm is determined. We
find
δm =
e2
(4π)2
(
3
ǫ
+ 4
)
. (14)
It is important to emphasize that this is the stan-
dard result for the mass shift and that it solves
Eq.(13) for arbitrary p · η, p · v and v.
Condition (ii) can only be satisfied if p =
mγ(η+ v) = mγ(1, ~v), which is precisely the mo-
mentum of the real electron moving with velocity
~v. In addition we need that
0 = 2m2∆¯ + β¯ − δ¯
0 = γ
(
2m2∆¯ + β¯
)− ε¯
0 = 2m2∆¯ + α¯+ 2β¯, (15)
where
∆ =
∂α
∂p2
+
∂β
∂p2
+
(p · η)2
m2
∂δ
∂p2
+
p · v
m
∂ε
∂p2
(16)
and the bar upon functions denotes that they
must be computed at p = mγ(1, ~v). If we now ex-
plicitly separate out the contributions of Z ′ and
δZ2 from the rest (to which we give a subscript
R) then we find that (15) can be rewritten as
−iδZ2 + 2~v2iZ ′ = 2m2∆¯ + β¯R − δ¯R
−iδZ2 + 2iZ ′ = γ
(
2m2∆¯ + β¯R
)− ε¯R
−iδZ2 = 2m2∆¯ + α¯R + 2β¯R.
(17)
Since we have three equations and two unknowns
(Z ′ and δZ2) one might worry that perhaps no
solution exists. However, a unique solution exists
for our choice of mass shell. It reads
Z ′ =
1
2i
[γ2δ¯R − γǫ¯R]
δZ2 = −1
i
[α¯R + 2β¯R + 2m
2∆¯]. (18)
As is the case for the standard fermion propa-
gator, the infra-red singularities can only enter
through derivatives with respect to p2. Hence, Z ′
is infra-red finite and infra-red divergences can
only arise in δZ2 through ∆¯. The total infra-red
divergent contribution to ∆¯ is
∆¯IR ∼
∫ 1
0
du uD−5
{
−2 + 2
∫ 1
0
dx√
1− x√1− ~v2x
× (1 + ~v2 − 2~v2x)
− γ−2
∫ 1
0
dxx√
1− x√1− ~v2x
3 + ~v2 − 2~v2x
2(1− ~v2x)
}
= 0, (19)
5and no infra-red divergence arises in the mass
shell renormalize propagator of the dressed elec-
tron. The full expressions for Z ′ and Z2 can
be found in Ref.[6]. As we have already men-
tioned, one can also repeat the calculation in
scalar QED where the algebra is not so heavy.
Again one can renormalize the propagator of the
dressed scalar electron, defined as in (6) replac-
ing ψ by the scalar field. In this case, no Z ′ is
needed and we can get rid of the ultra-violet di-
vergences through the usual counterterms Z2 and
δm. Again, no infra-red divergence arise. The
consistency of these calculations with our expec-
tations is compelling evidence for the validity of
this approach.
3. SUMMARY
To conclude we note that
• Any description of a physical charge must
be gauge invariant. Gauß’s law implies
an intimate link between charges and a
chromo-(electro-) magnetic cloud.
• Not all gauge invariant descriptions are
physically relevant. One needs to find the
right ones.
• In QCD there is no such description of a
single quark outside of perturbation theory.
This sets the limits of the constituent quark
model and fixes when jets start to hadro-
nise.
• The perturbative tests reported here all
worked. They are now being extended to
vertex studies.
• Phenomenologically, the main question is:
at what scale does the Gribov ambiguity
prevent any description of a quark from be-
ing stable?
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